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(57) ABSTRACT

A semiconductor mtegrated circuit has: N input terminals; N
output terminals; a plurality of tlip-tflops including N flip-
tflops and R redundant flip-tlops; a selector section configured
to select N selected flip-flops from the plurality of flip-tlops
depending on reconfiguration information and to switch data
flow such that data input to the N input terminals are respec-
tively output to the N output terminals by the N selected
tlip-tlops; and an error detection section. Ata testmode, the N
tlip-flops form a scan chain and a scan data 1s input to the scan
chain. The error detection section detects an error tlip-tlop
included 1n the N tlip-tlops based on scan mput/output data
respectively mput/output to/from the N flip-flops at the test
mode and further generates the reconfiguration imnformation
such that the detected error flip-flop 1s excluded from the N
selected tlip-flops.
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SEMICONDUCTOR INTEGRATED CIRCUIT
AND POWER-SUPPLY VOLTAGE ADAPTIVE
CONTROL SYSTEM

INCORPORATION BY REFERENC.

L1l

This application 1s based upon and claims the benefit of
priority from Japanese patent application No. 2011-004548,
filed on Jan. 13, 2011, the disclosure of which 1s incorporated
herein 1n 1ts entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor integrated
circuit and a power-supply voltage adaptive control system.
In particular, the present invention relates to a semiconductor

integrated circuit having a flip-flop performing a low voltage
operation and a power-supply voltage adaptive control sys-
tem.

2. Description of Related Art

In recent years, the amount of development 1 an
“extremely low power circuit” as a measure against global

warming has been increasing. The extremely low power cir-
cuit 1s a semiconductor integrated circuit operating with an
extremely low voltage about 0.5 V, with which power con-
sumption can be greatly reduced. However, to reduce the
operation voltage of the semiconductor integrated circuit
causes several problems.

For example, when an operation voltage of a logic circuit1s
reduced, malfunction of a flip-flop included in the logic cir-
cuit may be caused. More specifically, the reduction in the
operation voltage may cause “DC error” where an output
value of the tlip-flop 1s fixed to “0” or *“1”°. Also, the reduction
in the operation voltage may cause “AC characteristics error”
where AC characteristics such as latch characteristics and
delay characteristics of the tlip-tlop become 1nadequate.

In a case where such the DC error and AC characteristics
error occur randomly at a low frequency, “redundancy tech-
nique” 1s eflective. More specifically, a redundant flip-tlop 1s
provided 1n a logic circuit and an error tlip-tlop where the DC
error or the AC characteristics error occurs 1s replaced by the
redundant flip-tlop. Such the redundancy technique for tlip-
tflop 1s disclosed, for example, 1n Non-Patent Literature 1 and
Non-Patent Literature 2.

CITATION LIST

Non-Patent Literature

| Non-Patent Literature 1| U. Alsaiari and R. Saleh, “Partition-
ing for Selective Flip-Flop Redundancy 1n Sequential Cir-
cuits”, pp. 798-803, 9th International Symposium on Qual-
ity Electronic Design (ISQED), 2008.

[Non-Patent Literature 2] M. Kurimoto et al., “A Yield
Improvement Methodology Based on Logic Redundant
Repair with a Repairable Scan Flip-Flop Designed by Push
Rule”, pp. 184-190, 11th International Symposium on

Quality Electronic Design (ISQED), 2010.

SUMMARY

With regard to a semiconductor integrated circuit having a

tlip-flop, a technique 1s desired that can efficiently detect an
error thp-flop where DC error or AC characteristics error 1s

occurring.
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2

In an aspect of the present mvention, a semiconductor
integrated circuit 1s provided. The semiconductor integrated

circuit has: N imnput terminals, wherein N 1s an integer equal to
or more than 1; N output terminals; a plurality of tlip-tlops
including N thp-flops and R redundant flip-tlops, wheremn R 1s
an 1iteger equal to or more than 1; a selector section; and an
error detection section. The selector section 1s configured to
select N selected flip-flops from the plurality of flip-flops
depending on reconfiguration information and to switch data
flow such that data input to the N input terminals are respec-
tively output to the N output terminals by the N selected
tlip-flops. The error detection section 1s configured to gener-
ate the reconfiguration information at a test mode. More
specifically, at the test mode, the N flip-flops form a scan
chain and a scan data 1s iput to the scan chain. A tlip-flop
whose output 1s fixed to 0 or 1 1s an error tlip-flop. The error
detection section detects the error tlip-tlop included 1n the N
tlip-flops based on scan mput data respectively input to the N
tlip-flops and scan output data respectively output from the N
tlip-flops at the test mode. Furthermore, the error detection
section generates the reconfiguration imnformation such that
the detected error flip-tflop 1s excluded from the N selected
tlip-tlops.

In another aspect of the present invention, a sesmiconductor
integrated circuit 1s provided. The semiconductor integrated
circuit has a plurality of flip-flops and a counter. Each of the
plurality of flip-flops has a feedback path from i1ts own output
to mput and 1s configured to perform a toggle operation or a
self-oscillation operation by using the feedback path at a test
mode. At the test mode, the counter receives an output data
from each thip-flop performing the toggle operation or the
self-oscillation operation and performs counting with regard
to the output data for a predetermined period of time.

In still another aspect of the present invention, a power-
supply voltage adaptive control system i1s provided. The
power-supply voltage adaptive control system has: the above-
mentioned semiconductor mtegrated circuit; a power-supply
circuit configured to supply an operation voltage of the plu-
rality of tlip-flops; and a control circuit configured to control
operations of the semiconductor integrated circuit and the
power-supply circuit. If the error flip-tlop still remains even
when the R redundant tlip-flops are used, the control circuit
istructs the power-supply circuit to increase the operation
voltage.

According to the present invention, it 1s possible with
regard to a semiconductor integrated circuit having a flip-tlop
to etficiently detect an error tlip-tlop where DC error or AC
characteristics error 1s occurring.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, advantages and features of the
present invention will be more apparent from the following
description of certain preferred embodiments taken 1n con-
junction with the accompanying drawings, 1n which:

FIG. 1 1s a block diagram schematically showing a con-
figuration of a semiconductor integrated circuit according to
a first embodiment of the present invention;

FIG. 2 1s a block diagram schematically showing a con-
figuration at a DC test in the first embodiment of the present
imnvention;

FIG. 3 1s a block diagram schematically showing recon-
figuration processing in the first embodiment of the present
invention;

FIG. 4 1s a circuit diagram showing a configuration
example of the semiconductor integrated circuit according to
the first embodiment of the present invention;
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FIG. 5 1s a circuit diagram showing a configuration
example of an error detection/memory circuit in the first
embodiment of the present invention;

FIG. 6 1s a circuit diagram showing a configuration
example of a line determination circuit 1n the first embodi-
ment of the present invention;

FIG. 7 1s a conceptual diagram showing an example of
reconfiguration information in the first embodiment of the

present invention;
FIG. 8 shows data flow at the DC test in the first embodi-

ment of the present invention;

FI1G. 9 1s a timing chart showing transition of each signal in
a case where no DC error 1s occurring;

FI1G. 10 1s a timing chart showing transition of each signal
in a case where DC error 1s occurring;

FIG. 11 shows data flow after the reconfiguration process-
ing in the first embodiment of the present invention;

FIG. 12 15 a block diagram showing a configuration of a
power-supply voltage adaptive control system according to
the first embodiment of the present invention;

FI1G. 13 1s a flow chart showing an operation of the power-
supply voltage adaptive control system according to the first
embodiment of the present invention;

FI1G. 14 1s a schematic diagram showing a case where a line
parallel test 1s performed;

FIG. 15 1s a schematic diagram showing a case where a line
series test 1s performed;

FIG. 16 1s a circuit diagram showing a configuration
example of a flip-flop according to a second embodiment of
the present invention;

FIG. 17 1s a circuit diagram showing a configuration
example of a mode control circuit according to the second
embodiment of the present invention;

FIG. 18 1s a timing chart showing an operation of the
tlip-flop at a toggle mode according to the second embodi-
ment of the present invention;

FIG. 19 1s a timing chart showing an operation of the
tlip-flop at a selt-oscillation mode according to the second
embodiment of the present invention;

FIG. 20 1s a block diagram schematically showing a con-
figuration of a semiconductor integrated circuit according to
the second embodiment of the present invention;

FIG. 21 1s a circuit diagram showing a configuration
example of the semiconductor integrated circuit according to
the second embodiment of the present invention;

FI1G. 22 1s a conceptual diagram showing an example of
reconiiguration information in the second embodiment of the
present invention;

FI1G. 23 shows data tlow after reconfiguration processing in
the second embodiment of the present invention;

FIG. 24 1s a circuit diagram showing a modification
example of the semiconductor integrated circuit according to
the second embodiment of the present invention;

FI1G. 25 shows data tlow at a test mode 1n the case of the
modification example;

FIG. 26 shows data flow 1n the case of the modification
example;

FI1G. 27 1s a block diagram showing a configuration of a
power-supply voltage adaptive control system according to
the second embodiment of the present invention; and

FIG. 28 1s a flow chart showing processing i a third
embodiment of the present invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The invention will be now described herein with reference
to 1llustrative embodiments. Those skilled 1in the art will rec-
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ognize that many alternative embodiments can be accom-
plished using the teachings of the present invention and that
the invention 1s not limited to the embodiments illustrated for
explanatory purposed.

Embodiments of the present mvention will be described
with reference to the attached drawings.

1. First Embodiment

DC Error Detection and Reconfiguration

1-1. Outline

According to a first embodiment of the present invention,
“DC error” where an output value of a flip-flop 1s fixed to “0”
or “1” 1s detected efficiently. Furthermore, “reconfiguration
processing”’ thatreplaces an error tlip-tlop where the DC error
occurs with a redundant flip-tlop 1s performed.

FIG. 1 1s a block diagram schematically showing a con-
figuration of a semiconductor integrated circuit according to
the first embodiment. The semiconductor integrated circuit
according to the present embodiment has a multi-bit register
section 1 that stores plural bit data. The multi-bit register
section 1 has N 1nput terminals IN-1 to IN-N (N 1s an integer
equal to or more than 1) and N output terminals OUT-1 to
OUT-N. The multi-bit register section 1 stores N-bit data
respectively mput to the mput terminals IN-1 to IN-N and
outputs the N-bit data respectively from the output terminals
OUT-1 to OUT-N.

More specifically, the multi-bit register section 1 has a
plurality of flip-flops 10 for storing the N-bit data. Each
tlip-flop 10 1s a D flip-flop, for example. In the present
embodiment, the plurality of tflip-flops 10 1nclude at least one
redundant flip-flop. That 1s, the plurality of tlip-tlops 10
include N tlip-tlops 10-1 to 10-N and R redundant tlip-tlops
10-71 to 10-7R. Here, R being an integer equal to or more than
1 represents “redundancy”. Then, “N selected flip-flops™
among the N+R tlip-tflops 10 are used for storing the N-bit
data mput to the mput terminals IN-1 to IN-N.

It 1s reconfiguration information RECON and a selector
section (20, 30) that 1s used for selecting the N selected
tlip-tflops. The reconfiguration information RECON 1s a data
that specifies the N selected tlip-tlops. The selector section
(20, 30) sclects the N selected flip-flops from the plurality of
tlip-flops 10 depending on the reconfiguration information
RECON. Then, the selector section (20, 30) switches data
flow such that the N-bit data input to the N nput terminals
IN-1 to IN-N are respectively output to the N output terminals
OUT-1 to OUT-N by the N selected tlip-flops.

More specifically, the multi-bit register section 1 has an
input selector section 20 and an output selector section 30, as
shown 1n FIG. 1.

The mput selector section 20 1s provided between the N
input terminals IN-1 to IN-N and the N+R flip-flops 10. The
iput selector section 20 switches, depending on the recon-
figuration information RECON, a connection relationship
between the N input terminals IN-1 to IN-N and the N+R
tlip-tflops 10. More specifically, the input selector section 20
sets up the connection relationship based on the reconfigura-
tion information RECON such that the N-bit data input to the
N 1nput terminals IN-1 to IN-N are supplied to the N selected
tlip-flops.

The output selector section 30 1s provided between the
N+R thp-flops 10 and the N output terminals OUT-1 to OUT-

N. The output selector section 30 switches, depending on the
reconfiguration information RECON, a connection relation-
ship between the N output terminals OUT-1 to OUT-N and the
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N+R flip-tlops 10. More specifically, the output selector sec-
tion 30 sets up the connection relationship based on the recon-
figuration information RECON such that the N-bit data out-
put from the N selected flip-tlops are output to the N output
terminals OUT-1 to OUT-N.

In the present embodiment, the multi-bit register section 1
turther has an “error detection section 50”. The error detec-
tion section 50 1s connected to a data input terminal and a data
output terminal of each thp-flop 10. At a DC test mode, the
error detection section 50 detects an error flip-flop where the
DC error 1s occurring based on mput and output of each
tlip-flop 10. Furthermore, the error detection section 50 gen-
erates the reconfiguration information RECON such that the
detected error tlip-tlop 1s excluded from the N selected flip-
flops.

FIG. 2 shows 1n detail a configuration at the DC test. Note
that description of the selector section (20, 30) 1s omitted in
FIG. 2. According to the present embodiment, the N tlip-tlops
10-1 to 10-N form a scan chain at the DC test mode. A scan
data Dscan 1s sequentially input to the scan chain. The error
detection section 30 1s connected to a data input terminal and
a data output terminal of each flip-flop 10 and detects occur-
rence of the DC error based on scan 1mput data mput to the
respective tlip-tlops 10 and scan output data output from the
respective thp-flops 10. That 1s, the error detection section 50
detects whether or not an error tlip-tlop 1s included 1n the N
tlip-tflops 10-1 to 10-N and, 11 included, detects a position of
the error tlip-tlop. If the number of error tlip-tlops detected 1s
equal to or less than the “redundancy R”, it 1s possible to
replace the error flip-tlop with the redundant flip-flop 10-7.
The error detection section 50 generates the reconfiguration
information RECON such that the redundant flip-tlop 10-7
instead of the detected error tlip-tlop 1s incorporated into the
selected flip-tlops. In other words, the error detection section
50 generates the reconfiguration mnformation RECON such
that the detected error flip-flop 1s excluded from the N
selected tlip-flops.

The error detection section 50 stores the generated recon-
figuration information RECON in a memory section 60. Pret-
erably, the memory section 60 1s prepared with respectto each
multi-bit register section 1. For example, the memory section
60 1s comprised of a latch circuit in the error detection section
50. However, the configuration of the memory section 60 1s
not limited to that. The memory section 60 may be a memory
macro such as a flash memory that i1s shared by a plurality of
multi-bit register sections 1.

The reconfiguration information RECON stored in the
memory section 60 1s output to (reflected in) the selector
section 20, 30 at a predetermined timing after the DC test
mode 1s ended. As a result, the error flip-tflop detected at the
DC test 1s excluded from the N selected flip-flops, and
instead, the redundant tlip-flop 10-#1s appropriately incorpo-
rated into the selected tlip-tlops. This processing 1s the
“reconfiguration processing’”.

FIG. 3 schematically shows an example of the reconfigu-
ration processing in the present embodiment. For example, let
us consider a case where a flip-tlop 10-2 1s detected as an error
tlip-tflop as a result of the above-described DC test. In this
case, the selector section (20, 30) switches the data tlow so as
to bypass the error tlip-tflop 10-2, in accordance with the
reconfiguration information RECON. More specifically, a
redundant flip-flop 10-#1 1nstead of the error flip-flop 10-2 1s
incorporated into the selected tlip-flops. The mput selector
section 20 electrically connects the N input terminals IN-1 to
IN-N and the N selected tlip-tlops 10-1, 10-3 to 10-N and
10-1, respectively. The output selector section 30 electrically
connects the N selected flip-tlops 10-1, 10-3 to 10-N and
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10-71 and the N output terminals OUT-1 to OUT-N, respec-
tively. Consequently, the N-bit data input to the N mnput ter-
minals IN-1 to IN-N are respectively output to the N output
terminals OUT-1 to OUT-N without through the error flip-
flop 10-2.

According to the present embodiment, as described above,
a position of the error flip-tlop (position of the DC error
occurrence) can be detected “‘efficiently” by the use of the
scan chain. As a result, a time required for the DC test 1s
reduced. Moreover, according to the present embodiment, the
multi-bit register section 1 has the error detection section 50,
and at the DC test mode, the multi-bit register section 1 itself
generates the reconfiguration information RECON. This
enables the efficient reconfiguration processing.

1-2. Concrete Example

1-2-1. Circuit Configuration Example

FIG. 4 shows an example of a circuit configuration of the
multi-bit register section 1 of the semiconductor integrated
circuit according to the present embodiment. In the present
example, let us consider a case where N=8 and the redun-
dancy R=1. 8-bit input data IN[7:0] are respectively input to
the mput terminals IN-8 to IN-1 of the multi-bit register
section 1. 8-bit output data OUT[7:0] are respectively output
from the output terminals OUT-8 to OUT-1 of the multi-bat
register section 1. As shown 1n FIG. 4, the multi-bit register
section 1 has the plurality of flip-tlops 10 (10-1 to 10-8,
10-71), the input selector section 20, the output selector sec-
tion 30, a scan selector section 40, the error detection section
50 and a line determination circuit 70.

A clock signal CLK 1s input to a clock terminal of each
tlip-flop 10. Each thip-tlop 10 operates based on the clock
signal CLK.

The mput selector section 20 has N+1 input selectors 21-1
to 21-9. The mput selector 21-£ (k=1 to 8) selects, depending
on an mput select signal SLi[k-1], either an output data from
a scan selector 41-£ or an output data from a lower-bit side
scan selector 41-(4k-1) and outputs the selected data to the
data input terminal of the flip-tlop 10-%. It should be noted
that, in the case of the input selector 21-1, the output data from
the lower-bit side 1s a fixed data. The mput selector 21-9
selects, depending on an input select signal SLi[8], either a
fixed data or an output data from a scan selector 41-8 and
outputs the selected data to the data mput terminal of the
redundant flip-flop 10-#1. The 9-bit input select signals SLi
[8:0] correspond to the reconfiguration information RECON.

The output selector section 30 has N output selectors 31-1
to 31-8. The output selector 31-4 (k=1 to 8) selects, depending
on an output select signal SLo[k-1], either an output data
from the flip-flop 10-% or an output data from the upper-bit
side tlip-tlop 10-(A+1) and outputs the selected data as the
output data OUT[k-1]. It should be noted that, 1n the case of
the output selector 31-8, the upper-bit side flip-tlop 1s the
redundant flip-flop 10-#1. The 8-bit output select signal SLo
[7:0] correspond to the reconfiguration information RECON.

The scan selector section 40 has N scan selectors 41-1 to
41-8. The scan selector 41-k (k=1 to 8) selects, depending on
a scan signal SCAN, either the mput data IN[k-1] or the
output data OU'T[k-2] from the lower-bit side output selector
31-(k-1) and outputs the selected data to both of the mput
selector 21-k and the upper-bit side mput selector 21-(&+1). It
should be noted that, in the case of the scan selector 41-1, the

scan data Dscan 1s input mstead of the lower-bit side output
data OUT[k=-2] (will be described later).
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The error detection section 50 has N error detection/
memory circuits 51-1 to 51-8. At the DC test mode, the error
detection/memory circuit 51-% (k=1 to 8) recerves the mput
data (scan input data Din) to the scan selector 41-% and the
output data (scan output data Dout) from the output selector
31-%. Then, the error detection/memory circuit 51-4 generates
the input select signal SLi[k—-1] and the output select signal
SLo[k—1] based on the scan input data Din and the scan
output data Dout and stores them. It should be noted that the
error detection/memory circuit 51-8 sets the iput select sig-
nal SL1[8] to the same value as the mput select signal SLi[7].

FIG. 5 shows an example of a circuit configuration of one
error detection/memory circuit 51. The error detection/
memory circuit 51 has an EXNOR circuit 52, AND circuits
53, 54, NOR circuits 55, 56 and inverter circuits 57, 58.

The scan mnput data Din and the scan output data Dout are
iput to mput terminals of the EXNOR circuit 532. An output
terminal of the EXNOR circuit 52 1s connected to anode NA.
A DC test signal DCtest, an mnverted clock signal CLKB and
an output signal from the EXNOR circuit 52 (1.e. a signal at
node NA) are input to mput terminals of the AND circuit 53.
An output terminal of the AND circuit 53 1s connected to a
node NB. The DC test signal DCltest, the inverted clock signal
CLKB and a reset signal Reset are input to input terminals of
the AND circuit 54. An output terminal of the AND circuit 54
1s connected to a node NC.

The NOR circuits 55 and 56 form an RS latch circuit. More
specifically, mnput terminals of the NOR circuit 535 are con-
nected to nodes NB and NE, and an output terminal thereot 1s
connected to a node ND. Input terminals of the NOR circuit
56 are connected to nodes NC and ND, and an output terminal
thereol 1s connected to the node NE. An input terminal of the
iverter circuit 37 1s connected to the node ND, and the mnput
select signal SL11s output from an output terminal thereof. An
input terminal of the inverter circuit 58 1s connected to the
node NE, and the output select signal SLo 1s output from an
output terminal thereof. It should be noted that the NOR
circuits 53, 56 and the 1verter circuits 37, 58 correspond to
the “memory section 60 that stores the reconfiguration infor-
mation RECON (input select signal SL1, output select signal
SL.o). Details of an operation of the error detection/memory
circuit 51 will be described later.

Referring back to FIG. 4 again, the line determination
circuit 70 recetves the input data (scan input data Din) to the
scan selector 41-8 and the output data (scan output data Dout)
from the output selector 31-8, at the DC test mode. Then, the
line determination circuit 70 generates a line determination
bit LB based on the scan mput data Din and the scan output
data Dout and stores them. The line determination bit LB 1s an
error flag indicating whether or not any error tlip-tlop 1s
included in the N tlip-tlops 10-1 to 10-8.

FIG. 6 shows an example of a circuit configuration of the
line determination circuit 70. The circuit configuration of the
line determination circuit 70 1s similar to the circuit configu-
ration of the error detection/memory circuit 51 shown 1n FIG.
5. The EXNOR circuit 52, the AND circuits 53, 54, the NOR
circuits 535, 56 and the inverter circuits 57, 58 are replaced
with an EXNOR circuit 72, AND circuits 73, 74, NOR cir-
cuits 75, 76 and 1nverter circuits 77, 78, respectively. Also, a
line reset signal LReset instead of the reset signal Reset 1s
input, and the line determination bit LB 1nstead of the mnput
select signal SLi1 1s output. It should be noted that a single
EXNOR circuit may be used 1n common as the EXNOR
circuit 52 of the error detection/memory circuit 531-8 and the
EXNOR circuit 72 of the line determination circuit 70.
Details of an operation of the line determination circuit 70
will be described later.
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1-2-2. Operation Example

An operation at the DC test mode will be described 1n
detail. At the DC test mode, the DC test signal DCtest 1s set to
“1” and the scan signal SCAN 1s set to “1”.

First, reset processing 1s performed. More specifically, the
reset signal Reset 1s set to “1” for a predetermined period of
time 1n all the error detection/memory circuits 51. As a result,
the RS latch circuit (see FIG. 5) comprised of the NOR
circuits 35 and 36 1s reset and thus the input select signal SLi
becomes “0” and the output select signal SLo becomes “17.
Also, reset processing 1s similarly performed with respect to
the line determination circuit 70. The line reset signal LReset
1s set to “1” for a predetermined period of time and thus the
line determination bit LB becomes “0”. The status of each
signal after the reset processing 1s as shown 1n FIG. 7. The
mput select signal SL1 and the output select signal SLo are
reflected 1n the selector section (20, 30).

FIG. 8 shows data flow at the DC test. In the case where the
scan signal SCAN 1s “1”, each scan selector 41-k (k=1 to 8)
selects the output data OUT[k-2] from the lower-bit side
output selector 31-(k—1) and outputs 1t. Note that the scan
selector 41-1 outputs the scan data Dscan. In the case where
the mput select signal SL1 1s “0”, each mput selector 21-&
(k=1 to 8) selects the output data from the scan selector 41-%
and outputs 1t. In the case where the output select signal SLo
1s “17°, each output selector 31-k (k=1 to 8) selects the output
data from the flip-flop 10-%4 and outputs 1t. As a result, the
tlip-tflops 10-1 to 10-8 form a scan chain as shown in FIG. 8.
A recurrent pattern of “0” and “17(1.¢. 0,1,0, 1 ... ) 1s mput
as the scan data Dscan to the scan chain.

The error detection/memory circuit 51-k (k=1 to 8)
receives the mput data (scan mput data Din) to the flip-tlop
10-% and the output data (scan output data Dout) from the
tlip-flop 10-%. Based on the scan input data Din and the scan
output data Dout, the error detection/memory circuit 31-4
updates the input select signal SLi[k-1] and the output select
signal SLo[k-1] as appropriate and stores them.

FIG. 9 1s a timing chart for explaining an operation of the
error detection/memory circuit 31-£ (see FIG. 5) 1n a case
where the flip-flop 10-£ operates normally. Shown 1n FIG. 9
are the clock signal CLK, the scan input data Din, the scan
output data Dout, a signal at the node NA, the iverted clock
signal CLKB and a signal at the node NB. When the flip-flop
10-% operates normally, the signal at the node NB 1s main-
tained at “0”. Theretore, the state of the RS latch circuit
comprised of the NOR circuits 35 and 56 1s maintained with-
out change. That 1s, the input select signal SL1 1s maintained
at “0” and the output select signal SLo 1s maintained at *“1”.

On the other hand, FIG. 10 shows a case where the DC error
1s occurring in the flip-flop 10-4. For example, let us consider
a case where the scan output data Dout 1s fixed to “0”. In this
case, adata “1” 1s applied to the node NB. Therefore, the state
of the RS latch circuit comprised of the NOR circuits 55 and
56 1s inverted. That 1s, the input select signal SL1 1s inverted
from “0” to “1” and the output select signal SLo 1s inverted
from “1”” to “0”. Moreover, this signal state 1s retained by the
RS latch circuit (memory section 60).

As an example, let us consider a case where the tlip-tlop
10-4 15 an error tlip-tflop. The error detection/memory circuit
51-4 detects that the flip-flop 10-4 1s an error tlip-tlop, inverts
the mnput select signal SLi[3] from “0” to “1” and mnverts the
output select signal SLo[3] from “1” to “0”. Furthermore, the
recurrent pattern of “0” and *“1”” as the scan data Dscan 1s not
transierred to the tlip-tlops 10-5 to 10-8 that exist following
the error tlip-tlop 10-4 on the scan chain. Therefore, the state
of the RS latch circuit 1s inverted as in the case of the error
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tlip-tlop (see FIG. 10). That 1s, as shown 1n FIG. 7, the input
select signals SL1[8:3] all are inverted from “0” to “1””, and the
output select signals SLo[7:3] all are inverted from “1” to “0”.
The mput select signals SL1 and the output select signals SLo
correspond to the reconfiguration information RECON and
are stored by the RS latch circuit (memory section 60).

It should be noted that when the input select signals SLi1[8:
7] are mverted from “0” to “1”’, the line determination bit LB
generated by the line determination circuit 70 also 1s mnverted
from “0” to *“1”°. The line determination bit LB being 1 means
that the DC error 1s occurring somewhere on the line com-
prised of the tlip-tlops 10-1 to 10-8. That 1s, the line determi-
nation bit LB serves as an error flag for each line. By utilizing,
the line determination bit LB, 1t 1s possible to pertorm the DC
test efficiently (will be described later).

The mput select signals SL1 and the output select signals
SLo retained by the RS latch circuit (imemory section 60) are
output to (reflected 1n) the mput selector section 20 and the
output selector section 30 at a predetermined timing and thus
the reconfiguration processing 1s performed.

FI1G. 11 shows data flow after the reconfiguration process-
ing. In the case where the scan signal SCAN 1s “0””, each scan
selector 41-k (k=1 to 8) selects the mput data IN[k-1] and
outputs it. The mnput selectors 21-1 to 21-3 receiving the input
select signal SL1="0" respectively select the output data from
the scan selectors 41-1 to 41-3 and output them. On the other
hand, the mput selectors 21-4 to 21-9 receiving the input
select signal SL1="1"" respectively select the output data from
the lower-bit side scan selectors 41-3 to 41-8 and output them.
Moreover, the output selectors 31-1 to 31-3 receiving the
output select signal SLo="1"" respectively select the output
data from the flip-tlops 10-1 to 10-3 and output them. On the
other hand, the output selectors 31-4 to 31-8 recerving the
output select signal SLo="0" respectively select the output
data from the upper-bit side flip-tlops 10-5 to 10-8 and 10-#1
and output them. Consequently, as shown in FIG. 11, the
input data IN[7:0] are output as the output data OUT[7:0] by
the selected tlip-flops (10-1 to 10-3, 10-5 to 10-8, 10-71)
without through the error thip-tlop 10-4.

It should be noted that 1n the example shown 1n FIGS. 8 and
11, another error flip-flop may exist in the tlip-tlops 10-5 to
10-8 and 10-#1 subsequent to the error tlip-tlop 10-4. There-
tore, after the latest input select signals SL1 and output select
signals SLo are reflected 1n the input selector section 20 and
the output selector section 30, the scan data Dscan may be
supplied to the scan chain again to perform the error detection
processing again. The redundancy R 1s 1 in the example
shown 1n FIGS. 8 and 11. In a generalized case, however, 1t 1s
possible to repeatedly execute the error detection processing,
and the reconfiguration processing until using up the redun-
dancy R.

As described above, the error detection/memory circuit 51
according to the present embodiment uses the EXINOR circuit
and the RS latch circuait to efficiently perform the error detec-
tion, generation and retention of the reconfiguration informa-
tion RECON (SL1, SLo). Thus, a time required for the DC test
can be reduced.

Moreover, according to the present embodiment, the latch
circuit 1n the error detection/memory circuit 51 1s used as the
memory section 60 for storing the reconfiguration informa-
tion RECON (SL1, SLo). That 1s, the reconfiguration infor-
mation RECON regarding a multi-bit register section 1 1s
stored 1n the local memory section 60 in the multi-bit register
section 1. As a comparative example, let us consider a case
where the reconfiguration information RECON regarding a
plurality of multi-bit register sections 1 1s collectively stored
in a flash memory. In this case, signal interconnections
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between the flash memory and the plurality of multi-bit reg-
ister sections 1 become congested, which 1s a problem.

According to the present embodiment, the problem of the
signal interconnection congestion can be solved.

1-3. Power-Supply Voltage Adaptive Control System

The semiconductor integrated circuit according to the
present embodiment 1s preferably applied to an “extremely
low power circuit”. With respect to the extremely low power
circuit, it 1s required to set an operation voltage VDD as low
as possible. Hereinafter, a “power-supply voltage adaptive
control system” that appropriately controls the operation
voltage VDD will be described.

FIG. 12 1s a block diagram showing a configuration of the
power-supply voltage adaptive control system 90 according
to the present embodiment. The power-supply voltage adap-
tive control system 90 has a target circuit 91, a power-supply
circuit 92 and a control circuit 93. The target circuit 91 is a
semiconductor integrated circuit as a voltage-control target
and has the above-described multi-bit register section 1. The
power-supply circuit 92 at least supplies the operation voltage
VDD of the flip-tlops 10 to the multi-bit register section 1.
The control circuit 93 1s connected to the target circuit 91 and
the power-supply circuit 92 and controls operations of them.
More specifically, the control circuit 93 outputs a control
signal CON for controlling the DC test and the reconfigura-
tion processing to the target circuit 91. Moreover, the control
circuit 93 recerves the line determination bit LB from the
multi-bit register section 1. Furthermore, the control circuit
93 controls the power-supply circuit 92 as necessary.

The power-supply voltage adaptive control system 90 may
be constructed on a single semiconductor chip. Alternatively,
the target circuit 91, the power-supply circuit 92 and the
control circuit 93 may be respectively formed on separate
semiconductor chips. The control circuit 93 may be a com-
puter.

FIG. 13 1s a tlow chart showing an operation of the power-
supply voltage adaptive control system 90 according to the
present embodiment. The operation voltage VDD supplied by
the power-supply circuit 92 1s initially set to an extremely low
voltage (for example, 0.5V or less).

First, the control circuit 93 outputs the control signal CON
to the target circuit 91 to reset the reconfiguration information
RECON (SLi1, SLo) (Step S10). Also, the control circuit 93
sets a parameter r to an 1nitial value 0. The parameter r 1s the
number of redundant flip-flop 10-» used. Subsequently, the
control circuit 93 outputs the control signal CON to the target
circuit 91 to reset the line determination bit LB to “0” (Step
S11).

Next, the control circuit 93 outputs the control signal CON
to the target circuit 91 to have 1t execute scan processing using,
the scan data Dscan (Step S12). When the scan processing 1s
completed, the multi-bit register section 1 of the target circuit
91 outputs the above-mentioned line determination bit LB to
the control circuit 93 (Step S13).

I1 the line determination bit LB 1s “0” (Step S14; Yes), no
error tlip-tlop exists. Therelore, the process ends. On the other
hand, if the line determination bit LB 1s “1” (Step S14; No),
there exists an error flip-tflop. In this case, the control circuit
93 increases the parameter r by 1 (Step S15).

If the parameter r 1s within the redundancy R (Step S16;
No), the control circuit 93 outputs the control signal CON to
the target circuit 91 to have it execute the above-described
reconiiguration processing (Step S17). As a result, the error
tlip-flop 1s skipped, the selected tlip-tlops subsequent to the
error tlip-tlop are shifted by one bit, and one redundant flip-
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flop 10-7 1s consumed (see FIG. 11). After that, the process
returns back to the Step S11 and the same processing 1s
repeated.

On the other hand, if the parameter r exceeds the redun-
dancy R (Step S16; Yes), the error flip-flop cannot be
excluded any more. In this case, the extremely low voltage
which causes the DC error 1s slightly loosened up. For that
purpose, the control circuit 93 instructs the power-supply
circuit 92 to increase the operation voltage VDD slightly
(Step S18). After that, the process returns back to the begin-
ning (Step S10).

In this manner, according to the present embodiment, the
operation voltage VDD 1s slightly increased if any error flip-
tflop still remains even when all the redundant tlip-tlops 10-#1
to 10-7R are used. It 1s thus possible to set the operation
voltage VDD as low as possible with eliminating the error
tlip-flop. As a result, the power consumption 1s suppressed to
a minimum necessary level.

Moreover, according to the present embodiment, the con-
trol circuit 93 pertorms the control processing based on the
line determination bit LB. The target circuit 91 need not
transmit all the signals SL1, SLo to the control circuit 93 and
justneeds to transmit only the line determination bit LB to the
control circuit 93. Therefore, interconnections between the
target circuit 91 and the control circuit 93 are simplified and
also speed of the control processing can be increased. This 1s
especially eflective for a case where the number of bits of the
multi-bit register section 1 1s extremely large.

The same applies to a case where the target circuit 91 1s
provided with a plurality of multi-bit register sections 1. For
example, FIG. 14 shows a case of a “line parallel test” where
the DC test 1s performed in parallel with respect to a plurality
of multi-bit register sections 1-1 to 1-4. The scan data Dscan
1s supplied 1n parallel to the plurality of multi-bit register
sections 1-1 to 1-4. The control circuit 93 recerves the line
determination bit LB from each of the plurality of multi-bit
register sections 1-1 to 1-4. Then, the control circuit 93 deter-
mines, based on the received line determination bit LB,
whether or not to increase the operation voltage VDD. In the
case of the line parallel test, the operation voltage VDD 1s
increased until the line determination bits LB received from
the multi-bit register sections 1 all become “0”.

FIG. 15 shows a case of a “line series test” where the DC
test 1s performed 1n series with respect to a plurality of multi-
bit register sections 1-1 to 1-4. The thp-flops 10 of the plu-
rality of multi-bit register sections 1-1 to 1-4 form one scan
chain. The scan data Dscan 1s supplied to the first stage
multi-bit register section 1-1. The control circuit 93 recerves
the line determination bit LB from the last stage multi-bit
register section 1-4. Then, the control circuit 93 determines,
based on the received line determination bit LB, whether or
not to increase the operation voltage VDD. It should be noted
that the line determination bit LB may be used as a control
signal such as the reset signal for the next stage.

After the error flip-flop 1s excluded from the scan chain by
the reconfiguration processing according to the present
embodiment, a usual scan test (chip test) may be performed
by using the same scan chain. By performing the scan test
(chip test) after the error of scan FFs 1s fixed, reliability of test
1s improved.

2. Second Embodiment

AC Characteristics Error Detection and
Reconfiguration

According to a second embodiment of the present inven-
tion, “AC characteristics error” where AC characteristics such
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as latch characteristics and delay characteristics of the flip-
flop become 1nadequate 1s detected etficiently. Furthermore,

“reconfiguration processing” that replaces an error tlip-tlop
where the AC characteristics error occurs with a redundant
tlip-flop 1s performed.

2-1. Mode-Vaniable Flip-Flop

First, a tlip-tlop 110 used in the present embodiment will be
described 1n detail. The flip-tlop 110 according to the present
embodiment 1s configured to be capable of a toggle operation
in order to test 1ts latch characteristics. Moreover, the tlip-tlop
110 according to the present embodiment 1s configured to be
capable of a self-oscillation operation 1n order to test its delay
characteristics. In other words, the flip-tlop 110 according to
the present embodiment 1s provided with not only a usual FF
mode but also test modes such as a “toggle mode” and a
“self-oscillation mode”. As will be described later, an opera-
tion mode of the flip-tflop 110 can be switched between the
plurality of modes.

FIG. 16 1s a circuit diagram showing a configuration
example of the flip-flop 110 according to the present embodi-
ment. The flip-flop 110 has a FF input terminal FFIN and a FF
output terminal FFOU'T. An external input data 1s input to the
FF input terminal FFIN from the outside of the flip-tlop 110.
An external output data 1s output from the FF output terminal
FFOUT to the outside of the flip-flop 110.

The flip-tlop 110 further has a FF section 1120, an input
node Nin and an output node Nout. The FF section 1120
performs a basic operation as a flip-flop. The mnput node Nin
and the output node Nout are an input terminal and an output
terminal of the FF section 1120, respectively. The output node
Nout 1s connected to the FF output terminal FFOU'T. More
specifically, the FF section 1120 has a first switch circuit
SW1, a first latch circuit LA1, a second switch circuit SW2, a
second latch circuit LA2 and an 1mnverter 1125.

The first switch circuit SW1 1s connected between the input
node Nin and a node N1. The first switch circuit SW1 1s
turned ON/OFF depending on a first clock signal CK1 (and a
first inverted clock signal CK1B). More specifically, the first
switch circuit SW1 1s turned OFF when the first clock signal
CK1 1s High level, and the first switch circuit SW1 1s turned
ON when the first clock signal CK1 1s Low level. For
example, the first switch circuit SW1 1s comprised of an
iverter and a transfer gate as shown in FIG. 16.

The first latch circuit LA1 1s connected between the node
N1 and a node N2. The first latch circuit LA1 operates based
on the first clock signal CK1 (and the first inverted clock
signal CK1B). More specifically, the first latch circuit LAl
performs data latch when the first clock signal CK1 1s High
level. For example, the first latch circuit LA1 1s comprised of
an verter 1121 and a clocked-inverter 1122 as shown in FIG.
16.

The second switch circuit SW2 1s connected between the
node N2 and a node N3. The second switch circuit SW2 1s
turned ON/OFF depending on a second clock signal CK2
(and a second inverted clock signal CK2B). More specifi-
cally, the second switch circuit SW2 1s turned ON when the
second clock signal CK2 1s High level, and the second switch
circuit SW2 1s turned OFF when the second clock signal CK2
1s Low level. For example, the second switch circuit SW2 1s
comprised of a transfer gate as shown in FIG. 16.

The second latch circuit LA2 i1s connected between the
node N3 and a node N4. The second latch circuit LA2 oper-
ates based on the second clock signal CK2 (and the second
iverted clock signal CK2B). More specifically, the second
latch circuit LA2 performs data latch when the second clock
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signal CK2 1s Low level. For example, the second latch circuit
[LA2 1s comprised of an inverter 1123 and a clocked-inverter
1124 as shown in FIG. 16.

The 1nverter 1125 1s connected between the node N4 and
the output node Nout.

The thip-tlop 110 according to the present embodiment
turther has a FF selector section 1110 and a feedback path
1130. The feedback path 1130 connects between the output
node Nout and the input node Nin of the FF section 1120. As
shown 1n FIG. 16, an inverter 1131 1s provided on the feed-
back path 1130.

The FF selector section 1110 1s provided at the former
stage of the input node Nin. The FF selector section 1110
selects either the external mput data mput to the FF input
terminal FFIN or a feedback data fed back through the feed-
back path 1130 and outputs the selected data to the input node
Nin.

More specifically, the FF selector section 1110 has
switches 1111 and 1112. The switch 1111 1s connected
between the FF 1mnput terminal FFIN and the input node Nin
and 1s turned ON/OFF depending on an inverted test signal
TSTB. The switch 1112 is connected between the inverter
1131 and the mput node Nin and 1s turned ON/OFF depend-
ing on a test signal TST. For example, each of the switches
1111 and 1112 1s comprised of an N-channel MOS transistor.

At the usual FF mode, the test signal TST 1s Low level and
the inverted test signal TSTB 1s High level. In this case, the
switch 1111 1s turned ON while the switch 1112 1s turned
OFF. Therelore, the external input data input to the FF 1nput
terminal FFIN 1s transferred to the input node Nin. That 1s, the
FF selector section 1110 selects the external input data and
outputs it to the input node Nin. It can be said that the feed-
back path 1130 1s deactivated at the usual FF mode.

On the other hand, at the test modes (the toggle mode and
the self-oscillation mode), the test signal TST 1s High level
and the inverted test signal TSTB 1s Low level. In this case, the
switch 1111 is turned OFF while the switch 1112 1s turned
ON. Theretore, the teedback data fed back through the feed-
back path 1130 1s transierred to the input node Nin. That 1s,
the FF selector section 1110 selects the feedback data and
outputs 1t to the mput node Nin. In this manner, the feedback
path 1130 1s activated at the test modes (the toggle mode and
the self-oscillation mode).

FIG. 17 shows a configuration example of a mode control
circuit 150 for controlling the operation mode of the tlip-tlop
110 according to the present embodiment. The mode control
circuit 150 has a test signal generation circuit 151 and a clock
generation circuit 154.

The test signal generation circuit 151 generates the test
signal TST and the mverted test signal TSTB mentioned
above, depending on a test signal TEST. More specifically,
the test signal generation circuit 151 has inverters 152 and 153
as shown 1n FIG. 17. At the test mode, the test signal TEST 1s
High level. As a result, the test signal TST 1s High level and
the mverted test signal TSTB 1s Low level. It should be noted
that a high voltage VDDH 1s preferably used as a voltage of
the signals TST and TSTB for driving the switches (N-chan-
nel MOS transistors) 1111 and 1112, from a viewpoint of
reduction in a signal delay and an area of the FF selector
section 1110.

The clock generation circuit 154 generates the first clock
signal CK1, the first inverted clock signal CK1B, the second
clock signal CK2 and the second inverted clock signal CK2B
mentioned above, depending on the clock signal CLK and a
signal SOB. More specifically, the clock generation circuit
154 has a N AND circuit 155, inverters 156, 157, a NOR
circuit 158 and an inverter 159 as shown 1n FIG. 17.
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The operation of the thp-tlop 110 at each operation mode
will be hereinatter described with reference to FIGS. 16 and

17 as appropriate.

(Usual FF Mode)

At the usual FF mode, the test signal TEST 1s set to Low
level. In this case, the inverted test signal TSTB 1s High level
and thus the switch 1111 1s turned ON. Meanwhile, the switch
1112 1s turned OFF and the feedback path 1130 1s deactivated.
Moreover, the signal SOB 1s set to High level (“17°). There-
tore, the first clock signal CK1 and the second clock signal
CK2 both are the same as the clock signal CLK. In this case,
the FF section 1120 performs a usual latch operation.

(Toggle Mode)

FIG. 18 1s a timing chart showing the operation of the
tlip-flop 110 at the toggle mode. At the toggle mode, the test
signal TEST 1s set to High level and thus the test signal TST
1s High level. Inthis case, the switch 1111 1s turned OFF while
the switch 1112 1s turned ON, and thus the feedback path
1130 1s activated.

In the case of the toggle mode, the signal SOB 1s set to High
level (“17). Therefore, the FF section 1120 performs the usual
latch operation as 1n the case of the above-described usual FF
mode. More specifically, the first clock signal CK1 and the
second clock signal CK2 both are the same as the clock signal
CLK. In this case, in the FF section 1120, the first switch
circuit SW1 and the second switch circuit SW2 are alternately
turned ON and the first latch circuit LA1 and the second latch
circuit L A2 alternately perform the data latch. Note that since
the feedback path 1130 1s being activated, the FF section 1120
continues to latch the data “0”” and the data *“1” alternately. In
this manner, the thip-tlop 110 performs the toggle operation
by the use of the feedback path 1130 at the toggle mode.

(Seli-Oscillation Mode)

FIG. 19 1s a timing chart showing an operation of the
tlip-tflop 110 at the self-oscillation mode. At the self-oscilla-
tion mode, the test signal TEST 1s set to High level and thus
the test signal TST 1s High level. In this case, the switch 1111
1s turned OFF while the switch 1112 1s turned ON, and thus
the feedback path 1130 1s activated.

In the case of the self-oscillation mode, the signal SOB 1s
set to Low level (*07). In this case, the first clock signal CK1
1s maintained at Low level and the second clock signal CK2 1s
maintained at High level. Therefore, 1in the FF section 1120,
the first switch circuit SW1 and the second switch circuit
SW?2 both are maintained at ON state. As a result, the first
switch circuit SW1 (clocked-inverter), the mverter 1121 of
the first latch circuit LA1, the inverter 1123 of the second
latch circuit LA2, the inverter 1125 and the inverter 1131 on
the feedback path 1130 form an oscillation circuit. That 1s, the
tlip-tflop 110 does not perform the latch operation but per-
forms self-oscillation. In this manner, the flip-tlop 110 per-
forms the self-oscillation operation by the use of the feedback
path 1130 at the self-oscillation mode.

2-2. AC Characteristics Error Detection

FIG. 20 1s a block diagram schematically showing a con-
figuration of a semiconductor integrated circuit according to
the second embodiment. The semiconductor integrated cir-
cuit according to the present embodiment has a multi-bat
register section 101 that stores plural bit data. The multi-bit
register section 101 has N input terminals IN-1 to IN-N (N 1s
an nteger equal to or more than 1) and N output terminals
OUT-1 to OUT-N. The multi-bit register section 101 stores
N-bit data respectively input to the mput terminals IN-1 to
IN-N and outputs the N-bit data respectively from the output

terminals OUT-1 to OUT-N.
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More specifically, the multi-bit register section 101 has a
plurality of flip-flops 110 for storing the N-bit data. Each
flip-flop 110 has the configuration shown in the foregoing
FIG. 16. In the present embodiment, the plurality of tlip-tlops
110 include at least one redundant flip-flop. That 1s, the plu-
rality of tlip-flops 110 include N tlip-tflops 110-1 to 110-N and
R redundant flip-tlops 110-1 to 110-»R. Here, R being an
integer equal to or more than 1 represents “redundancy”.
Then, “N selected tlip-tlops” among the N+R flip-tlops 110
are used for storing the N-bit data input to the input terminals
IN-1 to IN-N.

It 1s reconfiguration information RECON and a selector
section (120, 130) that 1s used for selecting the N selected
tlip-tflops. The reconfiguration information RECON 1s a data
that specifies the N selected tlip-tlops. The selector section
(120, 130) selects the N selected flip-flops from the plurality
of thip-tflops 110 depending on the reconfiguration informa-
tion RECON. Then, the selector section (120, 130) switches
data flow such that the N-bit data imnput to the N mput termi-
nals IN-1 to IN-N are respectively output to the N output
terminals OUT-1 to OUT-N by the N selected thp-flops.

More specifically, the multi-bit register section 101 has an
input selector section 120 and an output selector section 130,
as shown in FIG. 20.

The mnput selector section 120 1s provided between the N
input terminals IN-1 to IN-N and the N+R thip-flops 110. The
input selector section 120 switches, depending on the recon-
figuration imformation RECON, a connection relationship
between the N mput terminals IN-1 to IN-N and the N+R
tlip-flops 110. More specifically, the mput selector section
120 sets up the connection relationship based on the recon-
figuration information RECON such that the N-bit data input
to the N 1nput terminals IN-1 to IN-N are supplied to the N
selected tlip-flops.

The output selector section 130 1s provided between the
N+R flip-flops 110 and the N output terminals OUT-1 to
OUT-N. The output selector section 130 switches, depending
on the reconfiguration information RECON, a connection
relationship between the N output terminals OUT-1 to
OUT-N and the N+R flip-flops 110. More specifically, the
output selector section 130 sets up the connection relation-
ship based on the reconfiguration information RECON such
that the N-bit data output from the N selected tlip-tlops are
output to the N output terminals OUT-1 to OUT-N.

The multi-bit register section 101 further has the mode
control circuit 150 shown 1n FIG. 17. The mode control cir-
cuit 150 supplies the above-mentioned signals (TST, TSTB,
CK1, CK1B, CK2, CK2B) to the plurality of flip-flops 110.

The multi-bit register section 101 further has a count-target
selector 140, a counter 160 and a memory circuit 190.

The count-target selector 140 1s connected to the respective
FF output terminals FFOUT of the plurality of flip-tlops 110.
At the test mode, each flip-flop 110 performs the toggle
operation or the self-oscillation operation. At this time, the
count-target selector 140 transfers one by one the output data
respectively output from the plurality of tlip-flops 110 to the
counter 160. That 1s, at the test mode, the count-target selector
140 selects a target flip-flop one by one from the plurality of
tlip-flops 110 and outputs the output data from the target
tlip-flop to the counter 160. The target tlip-tlop 1s switched 1n
order for each predetermined period of time.

The counter 160 1s connected to the count-target selector
140. At the test mode, the counter 160 recerves the output data
trom the target tlip-flop through the count-target selector 140.
Then, the counter 160 performs counting with regard to the
received output data for a predetermined period of time. That

1s, the counter 160 counts the number of toggle times of the
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output data or the number of oscillation times during a pre-
determined period of time. Moreover, the counter 160 outputs
a count signal CNT indicating the count value thus obtained
with regard to the target thip-tlop to the control device 200.
Since the target tlip-tlop 1s switched 1n turn, the counter 160
outputs the count signals CN'T regarding the respective flip-
flops 110 one by one to the control device 200.

The control device 200 1s, for example, a computer con-
nected to the semiconductor itegrated circuit according to
the present embodiment. The control device 200 recerves the
count signals CNT regarding the respective flip-tlops 110
from the counter 160. Then, the control device 200 detects,
based on the count value indicated by the count signal CNT,
an error flip-tlop where the AC characteristics are inadequate.

For example, 1n the case of the toggle mode, a tlip-tlop 110
where the count value (1.e. the number of toggle times 1n a
predetermined period of time) 1s less than an expected value
1s an error tlip-tlop that does not perform the latch operation
normally. Therefore, the control device 200 can determine
whether or not a tlip-tflop 110 1s an error thip-tlop by compar-
ing the corresponding count value with the expected value. It
1s thus possible to detect the error tlip-tflop whose latch char-
acteristics are deteriorated.

In the case of the self-oscillation mode, the control device
200 can calculate a self-oscillation frequency based on the
count value 1n a predetermined period of time. An thp-flop
110 whose self-oscillation frequency 1s less than an expected
value 1s an error thip-flop whose delay characteristics are
deteriorated. Therefore, the control device 200 can determine
whether or not a tlip-tflop 110 1s an error tlip-tflop by compar-
ing the corresponding self-oscillation frequency with the
expected value. It 1s thus possible to detect the error tlip-tlop
whose delay characteristics are deteriorated.

In this manner, the control device 200 detects an error
tlip-tflop where the AC characteristics error 1s occurring. It the
number of the detected error tlip-tlops 1s equal to or less than
the “redundancy R”, 1t 1s possible to replace the error flip-tlop
with the redundant flip-flop 110-#. The control device 200
generates the reconfiguration information RECON such that
the redundant flip-flop 110-7 instead of the detected error
tlip-flop 1s incorporated mto the selected flip-tlops. In other
words, the control device 200 generates the reconfiguration
information RECON such that the detected error flip-tlop 1s
excluded from the N selected flip-tlops.

After that, the control device 200 stores the generated
reconfiguration information RECON 1n the memory circuit
190 of the multi-bit register section 101. Preferably, the
memory circuit 190 1s provided with respect to each multi-bit
register section 101. For example, a thip-tlop or an e-fuse 1s
used as the memory circuit 190.

The reconfiguration mformation RECON stored in the
memory circuit 190 1s output to (reflected 1n) the selector
section 120, 130 at a predetermined timing after the test mode
1s ended. As a result, the error flip-flop detected at the test
mode 1s excluded from the N selected flip-flops, and instead,
the redundant flip-tlop 110-# 1s appropriately incorporated
into the selected tlip-tlops. This processing 1s the “reconfigu-
ration processing .

According to the present embodiment, as described above,
the thip-tlop 110 supports the toggle mode and the self-oscil-
latlon mode. By using such the flip-tlop 110, 1t 1s possible to
“efficiently” detect the error tlip-tlop whose AC characteris-
tics such as the latch characteristics and the delay character-
istics are inadequate. Moreover, since the error tlip-tlop
whose AC characteristics are deteriorated are excluded by the
reconfiguration processing, speed characteristics of the
multi-bit register section 1 can be improved.
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Hereinatter, a concrete example 1s described.

FI1G. 21 shows an example of a circuit configuration of the
multi-bit register section 101 of the semiconductor integrated
circuit according to the present embodiment. In the present
example, let us consider a case where N=8 and the redun-
dancy R=1. 8-bit input data IN[7:0] are respectively input to
the input terminals IN-8 to IN-1 of the multi-bit register
section 101. 8-bit output data OUT|[7:0] are respectively out-
put from the output terminals OUT-8 to OUT-1 of the multi-
bit register section 101. As shown 1n FIG. 21, the multi-bit
register section 101 has the plurality of thp-flops 110 (110-1
to 110-8, 110-71), the input selector section 120, the output
selector section 130, the count-target selector 140, the mode
control circuit 150 and the counter 160.

The 1nput selector section 120 has N+1 input selectors
121-1 to 121-9. The input selector 121-£ (k=1 to 8) selects,
depending on an mput select signal SLi[k-1], either the input
data IN[k—1] or the lower-bit side mput data IN[k-2] and
outputs the selected data to the FF input terminal FFIN of the
tlip-tflop 110-%. It should be noted that, 1n the case of the input
selector 121-1, the lower-bit side mnput data 1s a fixed data.
The mput selector 121-9 selects, depending on the input
select signal SL1[ 8], either a fixed data or the input data IN[ 7]
and outputs the selected data to the FF input terminal FFIN of
the redundant flip-tlop 110-71. The 9-bit input select signals
SLi1[8:0] correspond to the reconfiguration information
RECON.

The output selector section 130 has N output selectors
131-1 to 131-8. The output selector 131-4 (k=1 to 8) selects,
depending on an output select signal SLo[k-1], either an
output data from the flip-flop 110-% or an output data from the
upper-bit side thp-tflop 110-(4+1) and outputs the selected
data as the output data OUT[k-1]. It should be noted that, 1n
the case of the output selector 131-8, the upper-bit side flip-
flop 1s the redundant flip-tlop 110-71. The 8-bit output select
signal SLo[7:0] correspond to the reconfiguration informa-
tion

FI1G. 22 shows an example of the reconfiguration informa-
tion RECON (SL1, SLo). At a reset state, the mput select
signals SL1 all are “0” and the output select signals SLo all are
“1”. Let us consider a case where the flip-tlop 110-4 1s
detected as an error flip-flop at the test mode. In this case, as
shown 1 FIG. 22, the input select signals SLi[8:3] are
changed to “1” and the output select signals SLo[7:3] are
changed to “0”. The mput select signals SL1 and output select
signals SLo after the change are output to (reflected n) the
input selector section 120 and the output selector section 130
at a predetermined timing and thus the reconfiguration pro-
cessing 1s performed.

FI1G. 23 shows data flow after the reconfiguration process-
ing. The 1mput selectors 121-1 to 121-3 recerving the input
select signal SL1="0"" respectively select the input data IN[O]
to IN[2] and output them. On the other hand, the mput selec-
tors 121-4 to 121-9 recerving the mput select signals SLi=*1"
respectively select the lower-bit side input data IN[2] to IN[ 7]
and output them. Moreover, the output selectors 131-1 to
131-3 recerving the output select signal SLo="1" respectively
select the output data from the flip-tlops 110-1 to 110-3 and
output them. On the other hand, the output selectors 131-4 to
131-8 recerving the output select signal SLo="0" respectively
select the output data from the upper-bit side thip-tlops 110-5
to 110-8 and 110-#1 and output them. Consequently, as shown
in FIG. 23, the input data IN[7:0] are output as the output data
OUT[7:0] by the selected thp-flops (110-1 to 110-3, 110-5 to

110-8, 110-71) without through the error tlip-tlop 110-4.

2-3. Modification Example

Next, a modification example of the second embodiment
will be described. In the present modification example also,
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the target tlip-tlop 1s selected one by one from the plurality of
tlip-flops 110. However, tlip-tflops 110 other than the target
tlip-flop are effectively utilized as a counter.

FIG. 24 shows a circuit configuration example of the multi-
bit register section 101 according to the present modification
example. As compared with the foregoing configuration
shown 1 FIG. 21, the count-target selector 140 and the
counter 160 are omitted. Instead, a clock selector section 170
for switching clock input to each tlip-flop 110 1s added.

The clock selector section 170 has clock selectors 171-1 to
171-9. The clock selector 171-k (k=1 to 8) selects, depending

on a clock select signal SLt[k—1], either the signal from the
mode control circuit 150 or the output signal from the upper-
bit side tlip-tlop 110-(4+1) and outputs the selected signal to
a clock mput terminal of the flip-tlop 110-4. It should be
noted, in the case of the clock selector 171-8, the upper-bit
side flip-flop 1s the redundant flip-flop 110-»1. The clock
selector 171-9 selects, depending on a clock select signal
SLt[8], either the signal from the mode control circuit 150 or
the output signal from the flip-flop 110-1 and outputs the
selected signal to a clock mput terminal of the redundant
tlip-tflop 110-71.

Moreover, a scan selector section 180 for forming a scan
chain 1s provided. The scan selector section 180 has scan
selectors 181-1 to 181-9. The scan selector 181-%4 (k=1 to 9)
selects, depending on a scan signal SCANB, either the data
from the input selector section 120 or the output data from the
upper-bit side thp-tflop 110-(4+1) and outputs the selected
data to the flip-flop 110-£. At a scan mode, the scan signal
SCANB 1s set to “0”. In this case, each scan selector 181
outputs the output data from the upper-bit side tlip-tlop 110-
(k+1) to the thp-flop 110-£.

FIG. 25 shows data flow at the test mode. As an example, let
us consider a case where the flip-flop 110-6 1s the target
tlip-flop. The clock select signal SLt[5]="1"" 1s 1nput to the
clock selector 171-6. In this case, the clock selector 171-6
selects the signal from the mode control circuit 150 and
outputs it to the clock input terminal of the target tlip-tlop
110-6. As a result, the target flip-flop 110-6 performs the
toggle operation or the self-oscillation operation.

The clock select signal SLt="0" 1s 1input to the clock selec-
tors 171 other than the clock selector 171-6. As a result, the
clock selector 171-m (m=1 to 35, 7 to 8) selects the output
signal from the upper-bit side flip-flop 110-(z2+1) and outputs
it to the clock mput terminal of the tlip-tlop 110-m. Also, the
clock selector 171-9 selects the output signal from the flip-
flop 110-1 and outputs 1t to the clock input terminal of the
redundant tlip-tlop 110-#1.

In this manner, at the test mode, the plurality of flip-flops
110 are serially connected following the target flip-tlop 110-6
performing the toggle operation or the self-oscillation opera-
tion as a head. Then, the output data from the previous-stage
tlip-tlop 1s 1nput to the clock mput terminal of each of the
tlip-tflops 110 other than the target flip-tlop 110-6. Therelore,
the flip-tlops 110 other than the target flip-flop 110-6 func-
tions as a binary counter.

For example, the count value (count signal CN'T) counted
by the binary counter 1s output as the output data OUT[7:0]
through the output selector section 130. Alternatively, the
count value (count signal CNT) may be output to the outside
through the scan chain as shown 1n FIG. 26. It should be noted
that at the scanning, the operation mode of each flip-tlop 110
1s set to the usual FF mode.

Note that 1t 1s possible to set the plurality of flip-tlops 110
one by one as the target flip-flop by shifting the bit *“1” 1n the
clock select signals SLt[8:0] 1n turn.
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According to the present modification example, as
described above, the tlip-tlops 110 other than the target flip-
flop are used as the counter. In another word, the plurality of
tlip-tflops 110 are utilized effectively. Since there 1s no need to
provide the counter 160 separately, a circuit area 1s reduced,
which 1s preferable.

2-4. Power-Supply Voltage Adaptive Control System

The semiconductor integrated circuit according to the
present embodiment 1s preferably applied to an “extremely
low power circuit”. With respect to the extremely low power
circuit, 1t 1s required to set an operation voltage VDD as low
as possible. Hereinafter, a “power-supply voltage adaptive
control system” that appropriately controls the operation
voltage VDD will be described.

FI1G. 27 1s a block diagram showing a configuration of the
power-supply voltage adaptive control system according to
the present embodiment. The power-supply voltage adaptive
control system has a control device 200, a target circuit 210
and a power-supply circuit 220. The target circuit 210 15 a
semiconductor mtegrated circuit as a voltage-control target
and has the above-described multi-bit register section 101.
The power-supply circuit 220 at least supplies the operation
voltage VDD of the thp-flops 110 to the multi-bit register
section 101. The control device 200 1s connected to the target
circuit 210 and the power-supply circuit 220 and controls
operations of them.

The adaptive control method for the operation voltage
VDD 1s as follows. Let us consider a case where the operation
voltage VDD supplied by the power-supply circuit 220 1s
initially set to an extremely low voltage (for example, 0.5V or
less). First, the control device 200 outputs the control signal
CON to the target circuit 210 to have it execute the AC
characteristics test. The multi-bit register section 101 outputs
the count signal CNT to the control device 200. The control
device 200 generates the reconfiguration information
RECON based on the received count signal CNT and trans-
mits the reconfiguration information RECON to the target
circuit 210. In the target circuit 210, the reconfiguration pro-
cessing 1s performed based on the latest reconfiguration infor-
mation RECON.

It should be noted that there may be a case where any error
tlip-tlop st1ll remains even when all the redundant flip-tlops
110-71 to 110-#R are used. In this case, the extremely low
voltage which causes the AC characteristics error 1s slightly
loosened up. For that purpose, the control device 200 instructs
the power-supply circuit 220 to increase the operation voltage
VDD shlightly. After that, the AC characteristics test 1s per-
formed again.

In this manner, according to the present embodiment, the
operation voltage VDD 1s slightly increased 11 any error flip-
tflop still remains even when all the redundant flip-tlops 110-
r1 to 110-#R are used. It 1s thus possible to set the operation
voltage VDD as low as possible with eliminating the error
tlip-tflop. As a result, the power consumption 1s suppressed to
a minimum necessary level.

After the error tlip-tlop 1s excluded, adaptive control of the
power-supply voltage or the substrate bias may be performed
based on path delay. A better result 1s expected to be obtained,
because the error flip-flop whose AC characteristics are dete-
riorated 1s exclude.

It should be noted that the second embodiment of the
present invention may be described as follows.

(Claim 1)

A semiconductor integrated circuit comprising:

a plurality of tlip-tlops; and

a counter,

wherein each of said plurality of flip-flops comprises a
teedback path from 1ts own output to input and 1s configured
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to perform a toggle operation or a self-oscillation operation
by using said feedback path at a test mode, and

wherein at said test mode, said counter receives an output
data from said each tlip-flop performing said toggle operation
or said self-oscillation operation and performs counting with

regard to said output data for a predetermined period of time.

(Claim 2)

The semiconductor integrated circuit according to claim 1,
turther comprising:

N input terminals, wherein N 1s an integer equal to or more
than 1;

N output terminals; and

a selector section,

wherein said plurality of tlip-tlops include N tlip-tlops and
R redundant tlip-tlops, wherein R 1s an integer equal to or
more than 1, and

wherein said selector section selects N selected tlip-tlops
from said plurality of flip-tlops depending on reconfiguration
information and switches data flow such that data input to said
N mput terminals are respectively output to said N output
terminals by said N selected flip-tlops.

(Claim 3)

The semiconductor integrated circuit according to claim 2,

wherein a tlip-tlop whose number of toggle times 1n said
predetermined period of time or whose self-oscillation fre-
quency 1s less than a predetermined value 1s an error flip-tlop,

wherein said error flip-tlop 1s detected based on a count
value obtained by said counter at said test mode, and

wherein said reconfiguration information 1s generated such
that said detected error tlip-tflop 1s excluded from said N
selected tlip-flops.

(Claim 4)

The semiconductor integrated circuit according to claim 3,

wherein said reconfiguration information 1s output to said
selector section at a predetermined timing after said test mode
1s ended.

(Claim 3)

The semiconductor integrated circuit according to any one
of claims 1 to 4,

wherein each of said plurality of tlip-tlops comprises:

an input node;

a first latch circuit;

a first switch circuit provided between said input node and
said first latch circuit;

a second latch circuait;

a second switch circuit provided between said first latch
circuit and said second latch circuit;

an output node connected to an output of said second latch
circuit; and

said feedback path from said output node to said input node
which 1s activated at said test mode,

wherein at said toggle operation, said first switch circuit
and said second switch circuit are alternately turned ON, and

wherein at said self-oscillation operation, said first switch
circuit and said second switch circuit both are maintained at
ON state.

(Claim 6)

The semiconductor integrated circuit according to any one
of claims 1 to 5, further comprising a count-target selector,

wherein at said test mode, said count-target selector selects
a target tlip-flop one by one from said plurality of flip-flops

and outputs said output data output from said target tlip-tlop
to said counter.

(Claim 7)

The semiconductor integrated circuit according to any one
of claims 1 to 5,

wherein at said test mode, a target flip-tlop as a target of the
counting 1s selected one by one from said plurality of flip-
tflops, and
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thp-tlops other than said target tlip-tlop among said plural- What 1s claimed 1s:
ity of flip-flops function as said counter. 1. A semiconductor integrated circuit comprising:
(Claim 8) N input terminals, wherein N 1s an integer equal to or more

than 1;

N output terminals;

a plurality of thip-flops including N flip-flops and R redun-
dant tlip-tflops, wherein R 1s an integer equal to or more

The semiconductor integrated circuit according to claim 7,
wherein at said test mode, said plurality of flip-flops are °
serially connected following said target tlip-flop as a head,

said ttarge't tlip-flop .performs said toggle operation or said than 1:
self-oscillation operation, and a selector section configured to select N selected flip-flops
the output data 1s input to a clock input terminal of each of " from said plurality of flip-flops depending on reconfigu-
said flip-flops other than said target flip-flop from a flip-flop at ration information and to switch data flow such that data
the previous stage. input to said N input terminals are respectively output to
(Claim 9) said N output Fenninalﬁ by said N selected tlip-tlops; al}d
A power-supply voltage adaptive control system compris- an error detection section configured to generate said

reconflguration information at a test mode,
15 wherein at said test mode, said N flip-flops form a scan

chain and a scan data 1s 1input to said scan chain,

wherein a tlip-tlop whose output 1s fixed to O or 1 1s an error
tlip-flop, and

wherein said error detection section detects said error flip-
flop included in said N tlip-tlops based on scan input data
respectively mput to said N tlip-tflops and scan output
data respectively output from said N tlip-tlops at said test
mode and further generates said reconfiguration infor-
mation excluding said detected error flip-tlop from said
N selected tlip-tlops.

3 Third Embodiment 2. The semiconductor mtegrated circuit according to claim

ng:

the semiconductor 1integrated circuit according to any one
of claims 1 to 8;

a power-supply circuit configured to supply an operation
voltage of said plurality of flip-tlops; and

a control device configured to control operations of said ,,
semiconductor integrated circuit and said power-supply cir-
cuit,

wherein 11 said error flip-flop still remains even when said
R redundant tlip-tlops are used, said control device instructs
said power-supply circuit to increase said operation voltage. 5

wherein said error detection section comprises a memory
section 1 which said reconfiguration information gen-
30 erated is stored, and
wherein at a predetermined timing after said test mode 1s
ended, said reconfiguration imnformation stored in said
memory section 1s output to said selector section.
3. The semiconductor integrated circuit according to claim

A third embodiment of the present invention 1s a combina-
tion ol the above-described first embodiment and second
embodiment. FIG. 28 1s a flow chart showing processing 1n
the third embodiment. First, the DC error detection and the
reconfiguration are performed as described in the first
embodiment (Step S100). IT all the redundant FFs are used as
a result of the Step S100 (Step S150; No), the process ends. .. .
On the other hand, 11 there exists any line having spare redun- 3

dant FF even after the Step S100 (Step S150; Yes), the AC wherein sa%d memory section 1 a.latc‘h crreuit. .
characteristics error detection and the reconfiguration are 4. The semiconductor mtegrated circuit according to claim

performed with respect to the said line as described 1n the
second embodiment (Step S200). Since an occurrence ire-
quency of the DC error 1s expected to be low, the redundant
FFs can be utilized effectively.

While the exemplary embodiments of the present invention
have been described above with reference to the attached
drawings, the present invention 1s not limited to these exem-
plary embodiments and can be modified as appropriate by
those skilled 1n the art without departing from the spirit and
scope of the present invention. S I

wherein said error detection section comprises N XNOR
40 circuits,
wherein said scan mput data respectively mput to said N
tlip-flops and said scan output data respectively output
from said N tlip-flops are respectively input to 1mnput
terminals of said N XNOR circuits, and
4> wherein 0 and 1 are alternately input as said scan data to
said scan chain.
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